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solvation* In the parlance of colloid chemistry, 
the adsorption of a microlayer or film of water 
or other solvent on individual dispersed particles 
of a solution or dispersion. The term "solvated 
hulls" has been used to describe such particles. 
It is also applied to the action of plasticizers 
on resin dispersions in plastisols. 
See also hydration (2), 



preferentially, as on precision equipment, elec- 
tronic components, etc. Examples of solvents 
used are acetone, l,l,2-trichloro-l,2,2-trifluo- 
rethane, 1,1,1-trichloroethane. 



Solvay process, (ammonia soda process). 
Manufacture of sodium carbonate (soda ash, 
Na2C03) from salt, ammonia, carbon dioxide, 
and limestone by an ingenious sequence of reac- 
tions involving recovery and reuse of practically 
all the ammonia and part of the carbon dioxide. 
Limestone is heated to produce lime and carbon 
dioxide. The latter is dissolved in water contain- 
ing the ammonia and salt, with resultant precipi- 
tation of sodium bicarbonate. This is separated 
by filtration, dried, and heated to form normal 
sodium carbonate. The liquor from the bicarbo- 
nate filtration is heated and treated with lime 
to regenerate the ammonia. Calcium chloride is 
a major byproduct. Note: Because this process 
requires much energy and pollutes streams and 
rivers with chloride effluent many plants using 
it have closed, production being obtained from 
the natural deposits in the Western US. 

"SoIvenoL"^ TM for a group of monocyclic ter- 
pene hydrocarbons with minor amounts of ter- 
pene alcohols and ketones. 
Use: General solvent, rubber reclaiming. 

solvent. A substance capable of dissolving an- 
other substance (solute) to form a uniformly dis- 
persed mixture (solution) at the molecular or 
ionic size level. Solvents are either polar (high 
dielectric constant) or non-polar (low dielectric 
constant). Water, the most common of all sol- 
vents, is strongly polar (dielectric constant 81), 
but hydrocarbon solvents are non-polar. Aro- 
matic hydrocarbons have higher solvent power 
than aliphatics (alcohols). Other organic solvent 
groups are esters, ethers, ketones, amines, and 
nitrated and chlorinated hydrocarbons. 

The chief uses of organic solvents are in the 
coatings field (paints, varnishes and lacquers), 
industrial cleaners, printing inks, extractive pro- 
cesses, and pharmaceuticals. Since many solvents 
are flammable and toxic to varying degrees, they 
contribute to air pollution and fire hazards. For 
this reason their use in coatings and cleaners 
has declined in recent years. 
See individual compounds. 

solvent, aprotic. A solvent that cannot act as a 
proton acceptor or donor i.e., as an acid or base. 

solvent drying. Removal of water from metal 
surfaces by means of a solvent that displaces it 



solvent dye. See dye, solvent. 

^iK^soIvent extraction. A separation operation which 
may involve three types of mixture: (a) a mixture 
composed of two or more solids, such as a metal- 
lic ore; (b) a mixture composed of a solid and 
a liquid; (c) a mixture of two or more liquids. 
One or more components of such mixture are 
removed (extracted) by exposing the mixture to 
the action of a solvent in which the component 
to be removed is soluble. If the mixtiire consists 
of two or more solids, extraction is performed 
by percolation of an appropriate solvent through 
it. This procedure is also called leaching, espe- 
cially if the solvent is water; coffee-making is 
an example. Synthetic fuels can be made from 
coal by extraction with a coal-derived solvent 
followed by faydrogenation. 

In liquid-liquid extraction one or more compo- 
nents are removed from a liquid mixture by inti- 
mate contact with a second liquid which is itself 
nearly insoluble in the first liquid and dissolves 
the impurities and not the substance that is to 
be purified. In other cases the second liquid may 
dissolve, i.e., extract from the first liquid, the 
component that is to be purified, and leave asso- 
ciated impurities in the first liquid. Liquid-liquid 
extraction may be carried out by simply mixing 
the two liquids with agitation and then allowing 
them to separate by standing. It is often economi- 
cal to use counter-current extraction, in which 
the two immiscible liquids are caused to flow 
past or through one another in opposite direc- 
tions. Thus fine droplets of heavier liquid can 
be caused to pass downward through the lighter 
liquid in a vertical tube or tower. 

The solvents used vary with the nature of the 
products involved. Widely used are water, hex- 
ane, acetone, isopropyl alcohol, furfural, xylene, 
liquid sulfur dioxide, and tributyl phosphate. Sol- 
vent extraction is an important method of both 
producing and purifying such products as lubri- 
cating and vegetable oils, pharmaceuticals and 
nonferrous metals. 



solvent) latent, (co-solvent). An organic liq- 
uid that will dissolve nitrocellulose in combina- 
tion with an active solvent. Latent solvents are 
usually alcohols and are used widely in nitrocel- 
lulose lacquers in a ratio of 1 part alcohol to 2 
parts active solvent. 



solvent naphtha. 
Solvent Red 73. 



See naphtha (2b). 

See 4',5'-diiodofluorescein. 
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POLYCRYSTALLINE CONDUCTING POLYMERS AND PRECURSORS 

THEREOF 

HAVING ADJUSTABLE MORPHOLOGY AND PROPERTIES 



Cross Reference to Related Application 

U.S. Patent Application Serial No. ^^>^/ fntitled. "PLASTICIZED, 
ANTIPLASTICIZED CRYSTALLINE CONDUCTING POLYMERS AND 
PRECURSORS THEREOF" and U.S. Patent Application Serial No. ^^^^^C^j 
entitled, "METHODS OF FABRICATING PLASTICIZED, ANTIPLASTICIZED 
AND CRYSTALLINE CONDUCTING POLYMERS AND PRECURSORS 
THEREOF", the teachings of which arc incorporated herein b)' reference. 



This application claims prioritj' from Provisional Application Serial No. 60/007,688 filed 
November 29, 1995. 



FIELD OF-THE INVENTION 

The present invention is directed to pqjycr3'sta!linc electrically conductive polymer 
precursors and polycrystalline conducling polymers having adjustable morphology and 
properties. - . 

BACKGROUND 

Express Mail Label Number: 
EL493856292US 
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Electrical!}^ conductive organic polymers emerged in the 1970's as a new class of 
electronic materials. These materials have the potential of combining the electronic and 
magnetic properties of metals with the light weight, processing advantages, and physical 
and mechanical properties characteristic of conventional organic polymers. Examples 
of electrically conducting polymers arc polyparaphenylenc vinylenes, 
polyparaphenylenes, polyanilines, pol3^thiophenes, polyazines, polyfurancs, 
polythianaphthenes polypyrroles, polyselcnophencs, pol3^-p-phenylene sulfides, 
polyacetylenes formed from soluble precursors, combinations thereof and blends thereof 
with other polymers and copolymers of the monomers thereof. 

These polymers are conjugated systems which arc made electrically conducting by 
doping. The doping reaction can involve an oxidation, a reduction, a protonation, an 
alkylation, etc. The .non-doped or non-conducting form of the polymer is referred to 
herein as the precursor to the electrically conducting polymer. The doped or conducting 
form of the polymer-is.rcferre~d"'to herein* as the conducting polj^mer. 

Conducting polymers have potential for a large number of applications in such areas 
such as clcctrostatic chargc/discharge (ESC/ESD) prpfcclian, electromagnetic 
interference (EMI) shielding, resists, cloclroplaling; corrosion, protection of .metals,' and 
ultimately metal replacements, i.e. wiring," plastic microcircuils, conducting pastcs-for' 
various interconnection technologies (solder alternative), etc. Many ofthc above 
applications especially those requiring -high current capacity have not yet been realized 
beca-use the conductiviiy of the proccssiblc conducting polymcrs is- riot yet adcquatc for 
such applications. 
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To date, polyacetylene exhibits the highest conductivit}^ of all the conducting polymers. 
The reason for fhis is that polyacetylene can be S3'nthesizcd in a highly crystalline form 
(crystallinity as high as 90% has been achieved) (as reported in Macromoleculcs, 25, 
4106, 1992). This highly cr)'stalline polyacetylene has a conductivity on the order of 
10^ S/cm. Although this conductivity is comparable to that of copper, polyacetylene is 
not technologically applicable because it is a non-soluble, non-processible, and 
environmentally unstable polymer. 

The polyaniline class of conducting polymers has been shown to be probably the most 
suited of such materials for commercial applications. Great strides have been made in 
making the material quite processablc. It is environmentally stable and allows chemical 
flexibility which in turn allows tailoring of its properties. Polyaniline coatings have been 
developed and commercialized for numerous applications. Devices and batteries have 
also been constructed with this material. However, the conductivity of this class of 
polymers is generally on the low end of the metallic regime. The .conductivity is on the -^ 
order of 10^ S/cm, Some of the other soluble conducting polymers such as the 
polythiophencs, poly-para-phcnylcncvinylcncs exhibit conductivity on the order of 10^ 
S/cm. It is therefore desirable to increase the conductivity of the solublc/processibic 
conducting pol3^mers, in particular the pol5^aniline materials. ' . . 

The conductiA^ity (a) "is dependent on Ihc numbcr of carriers (n) sct by the doping Icwl^ 
the charge on the carriers (q) and on (he- interchain and intrachain mobility (//) of the" 
-carriers. - - ' : - 

- , : "~ a ^ n q ' 
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Generall}^ ii (the number of carriers) in these S5^stcms is maximized and thus, the 
conductivity is dependent on the mobility of the carriers. To achieve higher 
conductivity, the mobility in these systems needs to be increased. The mobint3% in turn, 
depends on" the morphology of the polymer. The intrachain mobility depends on tiie 
degree of conjugation along the chain, presence of defects, and on the chain 
conformation. The interchain mobility depends on the interchain interactions, the 
interchain distance, the degree of crystallinity, etc. Increasing the crystallinity results in 
increased conductivity as examplified by polyacetylene. To date, it has proven quite 
difficult to attain polyaniline in a highly crystalline stale. Some crystallinity has been 
achieved by stretch orientation or mechanical deformation (A,G. MacDiarmid ct al in 
Synth. Met. 55-57, 753). In these strclch-oricnted systems, conductivity enhancements 
have been observed. The conductivity enhancement was generally that measured 
parallel to the stretch direction. Thci cfore, the conductivity in these systems is 
anisotropic. It is desirable to achieve a method of controlling and tuning the 
morphology of polyaniline. It is desirable to achieve a method of"controrHng and^tuning 
-the degree of crystallinity and the degree of amorphous regions in pp'lyahilinc,'whiclrin 
turn provides a method of tuning the ph3^sical, mechanical, and electrical properties of 
polyaniline. It is further desirable to achieve highly crystalline and crystalline 
polyaniline a"nd to achieve this in a-simplc and useful manner in orderlo increase the 
mol^iKty of the- carriers and, therefore, the conductivity of thcpolymer. It is also further 
-desirable to achieve isotropic conductivily/that is conductivity not dependent on 
direction as with stretch-oriented potyanilincs. / ' 



- - OBJECTS 
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It is an object of the present invention to provide a poiycrystalline material containing 
crystallites of an electrically conducting polymer precursor and/or electrically conducting 
polymer having an adjustable morphology. 

It is an object of the present invention to provide a polycr3^staliine material of an 
electrically conductive polymer precursor and/or electrically conducting polymer in 
which the degree of amorphous and crystalline regions is adjustable. 

It is an object of the present invention to provide a polj^crystalline material of an 
electrically conducting polymer precursor and/or electrically conducting polymer having 
adjustable physical, mechanical, and electrical properties. 

It is an object of the present invention to provide a crystalline electrically conducting 
^polymer precursor and crystalline conducting polymers. 

It is an .object of the present invention to provide a highly crystalline electrically 
conducting polymer precursor and highly crystalline conducting polymers. 

It is an. object of the present Invention" to provide a poiycrystalline material of an 
-electrically conducting polymer precursor and/or crystallmc conducting polymers to 
provide a highly crystallmc material. - ' - 

It is another object of the present invention to provide an electrically-conducting 
poiycrystalline material that exhibits enhanced. carrier-mpbilit)^ . ' ' - _~ - 
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It is another object of the present invention to provide an electrically conducting 
polycrystalline material which exhibits enhanced conductivity. 

It is another object of the present invention to provide an electrically conducting 
polycrj^stalline material which exhibits enhanced isotropic conductivity. 

It is another object of the present invention to provide a plasticization effect in a 
polycrystalline electrically conducting polymer precursors and/or electrically conducting 
polymers. 

It is another object of the present invenlion.to provide a polycrystalline material having 
an antiplasticization effect in electrically conducting polymer precursors and electrically 
conducting polymers. 

U is another object of the present invention to provide a polycrystalline material of a 
precursor or electrically conducting polymer containing an additive providing mobility. 

It is another object of the present invenlion to provide a polycrystalline material of a ■ 
precursor or electrically conductive polymer containing an additive to induce an 
enhanced degree of crystallinity." ' ~ - 

It is another oliject of the" present invention to provide a non-strcnch oricnled - 
. polycrystalline-film of a precursor or of an electrically conductive polymer which has an 
^enhahc6d degree <)f crystallinity, . ' 
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It is an object of the present invention to provide a polj^crystalline material of an 
electricall}^ conducting polymer precursor and/or electrically conducting polymer having 
an increased glass transition temperature. 

J 

It is an object of the present invention to provide an electrically conducting polymer 
precursor and electrically conducting polymer having an decreased glass transition 
temperature. 

It is an object of the present invention to provide a polj^crystallinc material of an 
electrically conducting polymer precursor and electrically conducting polymer having 
enhanced mechanical properties. 

It is an object of the present invention to provide a pol3^cr3^stalline material of an 
electrically conducting polymer pTecurs<)r and electrically contfuctin^ polymer having 
decreased mechanical properties, - - ■ - ^ - - ^ 

^ SUMMARY„QFTHE INVENTION - - ' 

A broad aspect of the present invenlion is a polycrj^stalline material comprising 
crj'srajljtcs of a precursor to an elcctricdlly conductive polymer and/or an electrically 
conductive polymer. The intersticial regions between the crj^stallites contai^n amorphous 
material. ~ . - _ ■ ' - - 

In a more particular_aspect of the present invention, the amorphous regions of the 
material contain the additive. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Further objects, features, and advantages of the present uivcntion will become apparent 
from a consideration of the following detailed description of the invention when read in 
conjunction with the drawings FIG's. in which: 

Fig, I is a general formula for polyanilinc in the non-doped or precursor form. 

Fig, 2 is a general formula for a doped conducting polyanilinc. 

Fig, 3 is a general formula for the polysemiquinone radical cation form of doped 
conducting polyaniiine. 

Fig.'4 is-a.GcI Permeation Chromatograph (GPC) of polyanilinc base in NMP (;1 %).^ 
GPC shows a trimodal distribution- A very high molecular weight fraction (approx, 
12%) and a major peak having lower molecular weight. 

Curve 5(a) is a Wide Angle X-Ray Sc^ittcring (WAXS) s"pcctrum fonrpolyanilinc base 
nifn processed from NMP. The pofymcr film js "essentially amorphous:. Curve 5(b) is a 
Wide Angle X-Ray Scattering spectrum for a pol3'ahiIinc base film that has been 
stretch--ori"cntcd (l/lo = 3.7). This film Vvas derived fromii gel. - Curve 5(c) is a Wide ' 
Angle-X-Ray Scattering spectrum for a polyaniline-basc film containing I(t%'of 
poly-co-dimethyl prop3daminc siloxanc. This film -is highly crystalline. - 
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Fig. 6 is a Schematic diagram of a pol3'cryslalIine material as taught in present invention 
having crystalline regions (outhncd in dotted rectangles) with intersticial amorphous 
regions 

Fig,7 is a Dynamic Mechanical Thermal Analysis (DMTA) plot for polyaniline base 
film cast from NMP, (First Thermal Scan; under Nitrogen), 

Fig. 8 is a DMTA plot which represents the second thermal scan for a polyaniline base 
film cast from NMP; This same film was previously scanned as shown in Fig.7. Film 
Contains no residual solvent. 

Fig. 9 is a DMTA plot for polyaniline base film cast from NMP and containing 5Vo 
poly-co-di methyl aminopropyl siloxanc (5% N content). First Thermal Scan. 

Fig, 10 is a DMTA plot for polyaniline base film cast from NMP and containing 5% - 
poly-co-dimethyl aminopropyl siloxane (5% N content). Second Thermal Scan (this 
same film -was previously scanned as shown in Fig. 9) Film Contains no residual solvent. 

- Fig. 1 1 is a GPC for a-polyaniline base solution in NMP containing 5% _ . .. 
poly^.-co-dimethyraminopr-opyl siloxanc by weight to'polyanirmc. The pojyanilinc was 
■ .l% m-NMP. - " ' ' 

- r DETAILED DESCRIPTION " - . 

The present invention is directed toward electrically conducting pofymer precursors and 
conducting polymers having adjustable morphology and in turn adjustable physical, 
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mechanical, and electrical properties. The present invention is also directed toward 
controlling and enhancing the 3-dimcnsional order or cryslallinity of conducting polymer 
precursors and of conducting polymers. In addition, the present invention is directed 
towards enhancing the electrical conductivity of conducting polymers. This is done by 
forming an admixture of an electrically conducting polymer precursor or an electrically 
conducting polymer with an additive whereby the additive provides local mobility to the 
molecules so as to allow the conducting polymer precursor or conducting polymer chains 
to associate with one another and achieve a highly crystalline state. An example of such 
an additive is a plasticizer. A plasticizer is a substance which when added to a polymer, 
solvates the polymer and increases its flexibility, deformability, generally decreases the 
glass transition temperature Tg, and generally reduces the tensile modulus. In certain 
cases, the addition of a plasticizer may induce antiplasticization, that is an increase in 
the modulus or stiffness of the polymer, an increase in Tg. Herein the additives can 
provide a plasticization effect, an antiplasticization effector both effects. 

Examples of polymers which can be used to practice the present invention are of 
substituted and unsubstitutcd homopolymcrs and copolymers of aniline,. thiophcnc, 
pyrrole, p-phcnylenc suJfide, azincs, selcnophcnes, furans, Ihianaphthcncs, phenylcnc 
vinylenc, etc. and the substituted and iinsubstituled polymers, polyparaphcnylcnes, 
polyparaphcnyleveviTiylcncs, polyanilincs, polyaziiics. polythiophcncs, poLy-p-plicnylcne" 
sulfides, polyfiirancs, polypyrrolcs, polythiannpluhcncs, polysclenophencs, 
poly.acctylenes formed from soluble precursors and combina-Lions thereof and 
copolymers of monomers thereof. The general form.ula for these polymers can be found 
in as. Patent 5,I98il53 to Angclopoulos et al. While the present invention will be- 
describcd with reference to a preferred embodiment, it is not limited thereto, it will be 
readily apparent to a person of skill in the art how to extend the teaching herein to otiier 



YO996-050 



- 10- 



X 



I 



embodiments. One type of polj'mer which is useful to practice the present invention is 
a substituted or unsubstitutcd polyanilinc or copolymers of polyanilinc having general 
formula shown in Fig. 1 wherein each R can be H or any organic or inorganic radical; 



inorganic radical, each R' can be the same or different; x > 1; preferable x > 2 and y 
has a value from 0 to I. Examples of organic radicals are alkyl or aryl radicals. 
Examples of inorganic radicals are Si and Ge. This list is exemplary only and not 
limiting. The most preferred embodiment is emeraldinc base form of the polyanilinc 
wherein y has a value of approximately 0.5. The base form is the non-doped form of the 
polymer. The non-doped form of polj'anilinc and the non-doped form of the other 
conducting polymers is herein referred to as the electrically conducting polymer 
precursor. 

In Fig. 2, polyanilinc is shown doped with a dopant. In this form, the polymer is in the 
conducting form. If the polyanilinc base is exposed to cationic species QA, the nitrogen 
atoms of the iminc (electron rich) part of the polymer becomes substituted with the Q + 
cation. to form an emeraldinc salt as shown in Fig. 2. Q + can.bc selected from H 4- and 
orgaoic or inorganic cations, for example, an alkyl group or a metal. 

QA can be a protic acid where Q -is hydiogcn. When a.protic acid,. HA, is used to dope 
the polyanilinc, the nitrogen atoms of ihc iminc part of tlic pol3'anilinc arc protonatcd. 
The emeraldinc base form is greatly stabilized by resonance effects. The charges 
distribotc through thc nitrogen atoms and aromatic rings making the imine and amine 
nitrogens indistinguishable. The actual structure of the doped form is a dclocalizcd 
polyseraiquinone radical cation as shown- in Fig. 3.' 



each R can be the same or different; wherein each R' 



can be H or any organic or 
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The em'eraldine base form of polyanilinc is soluble in various organic solvents and in 
various aqueous acid solutions. Examples or organic solvents arc dimethylsulfoxide 
(DMSO), dimethylformamidc (DMF) and N-methylpyrrolidinone (NMP), dimethylenc 
propylene urea, tetramethyl urea, etc. This list is exemplary only and not limiting. 
Examples of aqueous acid solutions is 80% acetic acid and 60-88% formic acid. This 
list is exemplary only and not limiting. 

Polyaniline base is generally processed by dissolving the polymer in NMP. These 
solutions exhibit a bimodal or trimodal distribution in Gel Permeation Chromatography 
(GPC) as a result of aggregation induced by internal hydrogen bonding between chains 
as previously described in U.S. patent application serial no. 08/370,128, filed on January 
9, 1995, the-teaching of which is incorporated herein by reference. The GPC curve for 
typical polyanilinc base in NMP is shown in Figure 4. 

-Polymers in general can be amorphous. crystalline, or partly crystalline. In the latter 
case, the polj^mer consists of crystalline phases and amorphous phases. The morphology 
of a polymer is very important in. determining the polymer's physical, mechanical, and 
electronic properties. - , - _ 

Polyanilinc base films processed from NMP cither by spin-coating or by soluUon casting 
techniques are amorphous as can be .seen- in Figure .5a which depicts the Wide Angle 
X-Ray Scattering (WAXS) spectrum for.this material. - Amorphous diffusc^scattering is 
observed. Some crystallinity is induced in these films by post processing mechanical 
deformation especially if these films are derived from gels as.describcd by A.G. 
MacDlarmid et a! in Synth. Met. 55-57, 753 (1993). WAXS of a stretch oriented film 
having been stretched (l/lo = 3.7X) derived from a gel is shown in Figure 5b. Some 
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crystallinit)' has been induced as compared to the non-stretch oriented films as 
evidenced b}' the defined scattering peaks. 

Doping the amorphous polyaniline base films (those having structure sliown in Figure 
5a) with aqueous hydrochloric acid results in isotropic conductivity of I S/cm. Such 
films are not crystalline. Similar doping of stretch oriented films results in anisotropic 
conductivity where conductivity on the order of 10^ S/cm is measured parallel to the 
stretch direction whereas conductivity on the order of lO" S/cm is measured 
perpendicular to the stretch direction. It should also be noted that some level of 
crystallinity is lost during the doping process in these films. 

According to the present invention, the interchain (polymer chain) registration is 
increased as compared to a stretch oriented film. 

Figures 7 and 8 show -the. dynamic mechanical Hicrmal analysis (DMTA) spectrum for^ 
a polyaniline base film processed from NMP alone. Figure 7 is the first scan where a 
Tg of appcox. -l 18 is observed as a rcsuU of the residual NMP. which is present in the 
film. Figure 8 is the second thermal scan of the same Hkn. This film hxns no residual 
solvent and a Tg of ~2-51 °C is measured for the polyaniline base polymer. 

When an additive such as a plasticizer, such as a poly-co-dimelhyl propylamine siloxnnc, 
is added to the polj'aniline base completely different properties and morphology is 
observ-ed. The siloxanc has a: polar'aminc group which facilitatcs-the'miscibility of the 
polyaniline base and the plasticizer. The DMTA of a polyaniline base film. cast from: 
NMP and containing 5% by weight to polyaniline of the -poly-co-dimethyl propyl amine 
siloxane exhibits a lower Tg on the first thermal scan as compared to polyaniline base 
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processed from NMP alone (Figure 9) as a result of plasticization induced b)^ the 
siloxanc. However, on the second thermal scan of this fihn (Figure iO), the polymer 
exhibits an increase in Tg as compared to pol3'aniline processed from NMP, When the 
polysiloxanc is added to a solution of polyaniline base, the siloxane due to the polar 
amine group can interact with the polymer chains and disrupt some of the polyaniline 
interactions with itself or some of the aggregation. Thus, the polysiloxane first induces 
some deaggregation. However, the polysiloxane has multiple amine sites and thus, it can 
itself hydrogen bond with multiple polj^aniline base chains and thus, the polysiloxane 
facilitates the formation of a cross-linked network. This cross-linked network accounts 
for the increased Tg observed in the DMTA. Tg is characteristic of the amorphous 
regions of a polymer and in this case the amorphous regions consist of a cross-linked 
polyanilinc/polysiloxane network. Thus, the polysiloxanc is inducing an 
antiplasticization effect in polyaniline base as the Tg is increased. Generally, plasticizcrs 
reduce Tg. GPC data (Figure 1 1) is consistent with this model. The addition of the 
paly-ainino containing siloxanc to a potyaniline base solution in NMP results in a 
significant increase in the high molecular weight fractions depicting the cross-linked 
network which forms between polyaniline and the plasticizer. 

In addition to the cross-linked network the siloxane induces in the amorphous "regions, 
concomittantly it also is found to induce significant levels of crystallinity in polyanlli-nc 
base as a rcsult of the local mobility that it provides. Figure 5c shows the WAXS for. a 
polyaniline base film processed from NMP containing lOVo of the poly amino 
containing srloxane. As' can be seen highly crystalline polyaniline has been attained. 
Much higher levels of crystallinity as compared to figure 5b for the stretch oriented 
films. . 
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Thus polyaniline by the addition of the siloxane forms a structure depicted in Figure 6 
where crystalline regions of highly associated polyaniline chains (outlined by a rectangle) 
are formed with intersticial amorphous regions. In most cases, the additive resides in the 
amorphous intersticial sites. The degree of crystallinity (number of crystalline sites) and 
the size of the crystalline domains as well as the degree of amorphous regions and the 
nature of the amorphous region (aggregated, i.e. cross-linked or not) can be tuned by the 
type and amount of additive. In turn, by controlling the above, the properties of the 
material can also be controlled. 



With the poly -co-dimcthyl aminopropyl siloxane (5% N content), loadings ranging from 
.001 to 20 % by weight gives highly crystalline polyaniline. The highly crystalline 
polyaniline in turn exhibits increased modulus, stiffness, yield and tensile strengths, 
hardness, density and softening points. Thus, the siloxane at these loadings is having 
an antiplasticization effect. Above 20% loading, the crystallinity.bcgins to. decrease. 
As the crystallinity decreases,, the modulus, stiffnes.s, yield and^crrsilc strengths^. .- \ 
hardness, density and softening points begin to decrease. Thus", the siloxane at thdsc 
loadings begins to have a plasticizalion effect. The siloxane content becomes high, 
enough that it disrupts the polyaniline base interactions in the crystalline regions^ With 
the poly co-dimcthyl aminopropyf siloxancs having .5 and 13% N ratios, similar trends 
arc observed btit.the particular amount of siloxane needed to have a plasticizatioh effect 
or an antiplastici.zation effect varies. Thiis, (he degree of crystallinity and the degree of 
amorphous regions and in turn the properties of polyaniline can be tuned by the nature 
of the additive as well as the amount of additive. Indeed"; using the'same additive but' 
simply changing the loading dramatically changes the morphology and in turn the 
properties of polyaniline. 
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The electronic properties of the polymer are also impacted. The conductivity of a 
polyaniline base film cast from NMP and containing Wo by weight poly-co-dimethyl 
aminopropyl siloxane which is doped by aqueous hydrochloric acid is 50 S/cm as 
compared to I S/cm for a polyaniline film with no plasticizer. This is isotropic 
conductivity. The doped film containing the polysiloxanc retains the highly crystalline 
structure. 

The degree of crystallinity and the degree of amorphous regions and in turn the physical, 
mechanical, and electronic properties can be tuned by the particular additive used and 
by the amount of additive. For example, the Tg of polyaniline can be increased or 
decreased by the amount and type of additive. The mechanical properties such as 
tensile properties, modulus, impact resistance, etc. can be tuned as described above. The 
additive can range from .001 to 90% by weight, more preferably from .001 to 50% and 
most preferably from ,001 to 25%. A list of plasticizcrs that can be used to practice the 
'-present invenlipn is given in Table 1. The plasticizer can be small molecules, oligomcric 
- or polymeric in nat^jre as can be seen in Table 1. They can be monofuntional, 
bifunctional, and multifunctional The additive can also be removed from the final film 
structure if so desired by appropriate extraction. 

Specific Examples - - - - - , 

PoJyaniHne Synthesis Pplyaniline is\synlhcsizcd by the oxidative polymerization of " - 
aniline using ammonium pcroxydisulfatc in aqucous hydrochloric acid., The polyaniline 
hydrochloride precipitates from solution. The polymer is then neutralized using 
aquoeous ammonium hydroxide. The neutralized or non-dope polyaniKnc.ias'e-Js then 
filtered, washed and dried. Polyaniline can also he made by electrochemical oxidative 
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polymerization as tauglit by W. Huang, B. Humphre}', and A.G. MacDiarmid, J. 
Chem. Soc, Faraday Trans. I, 82, 2385, 1986. 

Polyaniline Base in NMP: The polyaniline base powder is readily dissolved jn NMP up 
to 5% solids. Thin films (on the order of a micron) can be formed by spin-coating. 
Thick films are made by solution casting and drying (70 ° C in vacuum oven under a 
nitrogen purge for 15 hours). These solutions and films have the properties described 
above. 

Polyaniline Base in NMP/Plasticizer 

a. Polyaniline Base was first dissolved in NMP to 5% solids and allowed to mix well. 
A poly-co-dimethj'I, aminoprop}'! siloxane (N content 5% relative to repeat unit) was 
dissolved to 5% in NMP. The siloxane solution was added to the polyaniline base 
solution. The resulting admixture was allowed to. mix for 12 hours at room temperature. 
A number of solutions were made having from .001 % to 50% siloxane content (by ^ 
weight relative to polyaniline). Thin films were spin-coated onto quartz substrates; 
Thick films-were prepared by solution casling and baking the solutions at 70 in a 
vacuum oven under a Nitrogen pui^c for 15 hours). The solutions and the films have 
the properties described above. - _ 

b. -The same cxpcrime-nt described in(n)was carried out except that'thc plasticizcr-was 

a poly-co-dj methyl, aminopropyl siloxane in which the N content was 13.%. - " 

c- The.samc experiment described in (a) was carried out except that the plasticizer was 
a poly<;p-drrnetKyU aminopropyl siloxane in which the N content was .5%. - 
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d. The same experiment described in (a) was carried out except tiiat the plasticizer was 
pol3'glycoI diacid. 

e. The same experiment described in (a) was carried out except that the plasticizer was 
3,6,9-trioxaundecanedioic acid. 

f. The same experiment described in (a) was carried out except that the plasticizer was 
po!y(ethylene glycol) tetrahydro furfuryl ether. 

g. The same experiment described in (a) was carried out except that the plasticizer was 
glycerol triacetate. 

h. The same experiment described on (a) was carried out except the plasticizer was 
epoxidizcd soy bean oil. 

Polyaniline Base in NMP/m-CresoI/PIas(icizer I ' --. 

The same experiment as described in (a) wa,s carried out excfcpt that polyaniline base 
and the plasticizer was dissolved in NMP/m-Cresol mixtures in which m-Crcsol ranged 
from; 1 to 99% ... 

Poryanrtiiie Base in ni-Cresol/Plasticizcr 

The samc experimenl as- described in (a) was carried X)ut except that the "polyaniline ' 
base was disrsolved in m-Crcsol and the plasticizer wasi dissolved in m-Cresol: " - 

- . - - > 

Polyaniline Base in ni-OesoI and in NMP/m-Cresol ' 
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Polyaniline Base was dissolved in m-Crcsol and in NMP/m-Cresol combinations to 5% 
solids. The m-CresoI in the latter system being the additive ranged from 1 to 99%. 
Free-standing films were made by solution casting techniques. With increasing m-cresol 
content, the polyaniline exhibited a WAXS similar to that shown in Figure 5a except 
that the amorphous scattering peak became somewhat sharper indicative of some 
crystallinity. However, this was signiHcantly less than observed with the siloxane 
plasticizer. 



Doped Polyanilines 

1. Hydrochloric Acid and/or Methancsulfonic Acid Doped Films 
Polyaniline base films made as described above were doped by aqueous acid solutions 
of hydrochloric or methancsulfonic acid. The films were immersed in the acid solution 
for 12 hours for thin films and 36 hours for the thick films. The conductivity of a 
polyaniline base film processed from NMP and doped with these acid solutions is-I 

- S/chi; The conductivity of a base film processed from NMP and 1 % poly-co- dimethyl, 
aminopropyl siloxane (5%N content) was 50 S/cm. 

2.Sulfonic Acid Doped PblyanTlincs - " ' - 

- Polyaniline Base was dissolved in a sbrvcnt such as NMP or NMP/-m-Crcsol 
combinations, etc. from I to 5% solids. To this solution was added a dopant sucli as 
camphorsulfonic acid or acrylamidopropancsulfonic acid (previously reported in U.S. 
Patent Application Serial No. 595,853 filed on February 2/1996): These solutions were 
used to spin-coat or solution cast films. In some experiments, the plasticizer such as the 
poIy-co-dimethyl,aminopropyl siloxane in a solvent was added to .the doped polyaniline 
solution. In certain other experiments, the plasticizer was. first added to the pani base 
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solution. The dopant was then added to the polyanilinc solution containing the 
plasticizer. 

The teaching of the following U.S. Patent Applications are incorporated herein by 
reference: 

"CROSS-LINKED ELECTRICALLY CONDUCTIVE POLYMERS, 
PRECURSORS THEREOF AND APPLICATIONS THEREOF", Application Serial 
No. 595,853, filed February 2, 1996; 

"METHODS OF FABRICATION OF CROSS-LINKED ELECTRICALLY 
CONDUCTIVE POLYMERS AND PRECURSORS THEREOF", Application Serial 
No. .594,680, filed February 2, 1996; 

"DEAGGREGATED ELECTRICALLY CONDUCTIVE POLYMERS AND 
PRECURSORS THEREOF", Application Serial No. 370,127, filed .lanuary 9, 1995; 
and 

"METHODS OF FABRICATION OD DEAGGREGATED ELECTRICALLY 
CONDUCTIVE POLTMERS AND PRECURSORS T HER E.OF", Application Serial 
No. 370,128, filed: January 9,- 1 99_5. " - - . - - 

While the present invention has been shown and described with respect to a piefcrtcd 
embodiment, it will be understood that numerous changes, modifications, and 
improvements will occur to those skilled in the art without departing from the spirit'and 
scope of the invention. " - " " - 
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PLASTICIZERS 



\u:p\c agio oeRivATives^ 

Oicapryl adipale 
0^-(2-€lhy^hexy:^.ad^pate 
Oi(a-heptyl, n-nonyi) adipale 
Diisobulyl adipale 
Oiisodecyl adipate 
Oinomyl adipate 
Oi-(lridecy[J adipate 

ZHLAIC AGIO OERIVATlVeS 

0«-(2-elhyiheyt azelate) 
Oiisodecyi azelale 
Oiisoclyl azelate 
Dimethyl azelate 
Oi?*i|-hexyf azelate 

:n26i|: agio oERivAxtves 

Oigtbylene glycol dibenzoate 
Oi|>fppylene glycol dibenzoate 
Poi|6etfiylene gtycoJ 200 dit>enzc 

rai^lVCiO DERIVATIVES 

Ac^lyl trt-n-biityl citrate 
Acetyl trietbylertrate 
Tfifra-butyf citrate 
^^*^S^yl citrate 

/lEf^/fCIO OER(VAT(VeS 

Bt:*rj^2 •hy<lfoxyclhyl tl<f neuitc) 

)X>!;ieRiVATIV£S 

Epoxidued linseetl od ' 
Epoxidized soy.bean oil- 
2r£thyihexyt epoxyVallala 
n-Octyl opoxysief eale 

^ARIC ACtp OERfVATIves , 

Dit)ulyt lumarate. 
CEROL OERtVATiVES 
jiycerpl triacetate 
JUTYRATE OERfVATIVE 

,2.4-Tftmethyl-'t.3-piifUanedfOl. 

OttSObiiVyfalC 



ISOPHTHAUC ACtO OERtVATtVES 

0(-{2-el)iyihexyl) tsopbthataie 
Dimethyl isophtnalate 
Oiphenyl isophthalate 

LAURtC AGIO DERIVATIVES 

Methyl latuate 

LINOLEtC AGIO OERiVATIVE 
Methyl (<aoleatc, 

MAteiC ACtO DERIVATIVES 

D(-(2-etJiylhexyl) fttalcale 

01- n-butyl malcate 

MELLtTATES 

Tncaf)fyl truncilitaic 
Tri-(2-etliyniexylj tfuneHitate 
-Tnisodecyl truneidtdio 
ln-((i-<K:tyLn-dt;Cyti ttttucttaatc 

MYRISTIC ACtO DERIVATIVES 

OLEtC AC-ID DEfttVAtlveS - ~ 

XJutyt otcale ' ~ " - 

GlycoHjl utufuKJlc.iJe 

Methyl ultrcdc - 
fi (^(ufiyl tHtMtc 
lcU<i(iy(Jf<>ttiMtiiy( wic**!*; 

PALMITIC ACID DERIVATIVES 

Isoprcjpyl paUnuatc ' 
Mi,'lhyl pall {Altaic 

PARAFFIN DERIVATIVES 

CliUxop.iuiltm, 4 1*^*, Cl - 

Ct il<j( Of jauiUif I, t'»0% C I - - 

Ct<lw((jpardftui. /O^'cCl 

PHOSPttORIC ACID DERIVATIVES 

2- Etliyll\yxyl dtplK-nyl ptiosijiuUc 
(sodecyJ dipUcoyt piiosptiatc 

t -t3iityl|>he(iyi <J((Jtii;fiyl plK^spUate 
hi-b(it<ixyclliyl pbosiitiate 
Intxityt phosptiate 
hicfcsyl pfiosptiatc^ 
InpdtMiyl (ilu3S()(iato 



PHTHAUG AGIO OERIVATIVtS 
Butyl benzyl ptithatale 
Butyt octyl ptithalate 
Oicapryl phthalale 
Oicyclohexyl phthalate 
Oi-(2-ethylhexyl) phthalate 
Diethyl phthalate 
Dthexyl phthalate 
Oiisobtityl phthalale 
Oiisodecyi phttialale 
Oiisononyl ptuhalate 
Oiisooctyl phthalate 
OinKJthyl phthalate 
Oilfidecyl phthalale 
Oiundecyl phthalate 

RIGINOLEIC AGIO OERIVATtVES 

Butyl ficinoleate 

Glyceryl Iri(acetyl) ricinoleate) 

Methyl acetyl ricinoleate 

Methyl ricinoleate 

n-Biityl acetyl ricinoleate 

Propylene glycol ricinoleate 

SEBAGIG AGIO DERtVATlVES 

Dtbutyl sebacate 
0(-(2-ethyUiexyl) sebacate 
l^imctliyl sebacate 

STEARIC AGIO OERtVATIVeS 

Ethyliitic glycol inor^ostearatc 
-Glycoroi (no*io:>tearate 
- tsopropyl isosteafate , 
Methyl slearate 
n:Biily( stearate - 
Propylene glycol moiiostearate 

SUCCINIC ACID DERIVATIVES 
Ofclhyl succinate 

SUCFONiC AGIO DERIVATIVES 

N-Ett^yl o.p-toluenesultonamfde 
o.p-toluenesuUonanamide 




Polyesters 

adipic acid polyester - 

Paraplex G-40 
adipicacid polyester 

SantJcizer334F 
azelaic acid polyester 

Plaatolein 9720) 
azelaic add polyester 

Plastolein 9750 
sebadc acid polyester 
Paraplex G-25 



Sttcrose deriuatives 
^ iucrose acetate-isobutyrate (SAfB) 



Tartaric acid dericalluc 

drbutyl tartrate 
Terephthalic acid derivative 

bis(2-ethvlhexyl) terephthaiate 
(DOTP) 
Trimelliiic acid derivatives 
tris(2-ethvlhexvl) trimeilitate 

rroT.M) 

ht-pty! ruinyhrinioliitalc 

hc|ityl juinyi undecyl trtmcllil^tc; 

t r 1 isod ec vi t r j mcl I i t a t c 



(»fyc€tl drrit'otirr.^ 

dlrthylcno glyml dipctnr^^nn 
«rir(fiylcnr ^fyrofdt' ? 
rtliyllMifyrntr 

P<»!y{rthy(ohr|fiyroI)(2(K))di 2 
rthylhrxftnonfr 
<*iyrolfitcf 

n»<^M,y|plah„Mr(l,vlgfvr<.lnr. 

»H<(ylph(hnlylJ,a(yI^Ivr<.ln(r - 
fiyarocarhnn^ 

^•flr<.Krnn(cd(<.r,,l,ony|.ni,.<o 





Terpenes and Derivatives 
Camphor 

Hydrogenated methyl ester or rosin 
Phosphonic Acid Derivatives 
Chlorinated Polyphosphanate 
Siloxanes 

Polydimethyl siloxane 

Polyco- dimethyl /propylamine siloxanes with various amount of 

propylamine content 
Polydipheny 1 s i loxanes 
Polyco -dime thy Iphenyl siloxanes 
Silanol terminated polys iloxanes 
Amino terminated polysiloxanes 
Epoxy terminated polysiloxanes 
Carbirol terminated polysiloxanes 
Polysilanes 






Glycols 



Polyethylene glycol 

Poly (ethylene glycol) tetrahydrofurf uryl ether 
Poly (ethylene glycol) .bis (carboxiTuethyl) ether 



3 • 6 • 9 trioxadecahoic acid . 
3 . 6 - 9 - trioxauridecanedioi-cacid 
PlQlyglycol diacid 



